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FOREWORD 
This lnterlm (12 month) report documents the  work performed a t  the  
Dynamic Sclence Dlvision of I la rshal l  Industries under NASA Contract 
NAS7-438, Dynamic Sclence Number SN-80 Mod 3-F, for the period 
5 May 1967 to 5 May 1968.  
All phases of th is  contract were i.lonltored by Dr. Raymond Kushida 
of Jet Propulsion Laboratories. At Dynamic Science, Dr. L. B. Zung was  
the program manaser a s s l s t ed  by Dr. E.  A. Tkachenko. Dr. B. P.  Breen 
was the  Director of Combustion Research and approved a l l  phases  of the  
work. 
Thanks a r e  expressed to  Mr. B. R.  Lawver for h is  help in designing 
and building the  experimental model. The Quantitative kns. ys l s  of Reaction 
Products was performed by Aerojet-General Analytical L a b ~ r a t o r l e s ,  under 
the direction of Mr. D. L. Qcick,  Chief Investigator. 
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SUM MARY 
A brief cr i t ical  review of the ignition mechanism of the  hypergolic 
propellant system hyarazine/nitrogen dioxide* is presented. 
Quantitative analys is  of the distrlbutlon of products due t o  ge s 
phase reactions of hydrazine/nitrogen dioxide a t  low concentrations 
b 1-6 mole %) and low tempera4ures (00~  and 2 5 ' ~ )  gives N 2 0 ,  NO. N 2 ,  
and H 0 a s  the main gaseous ~ ; c d u c t s .  With an  e x c e s s  of hydrazine, 2 
hydrazlnlurn nitrate i s  observed a s  the  predominant solid intermediate. With 
excess nitrogen dioxide, ammonium nitrate i s  found to  be the main solid 
intermediate. Any hydrazlnium nitrate formed a s  an intermediate may be  pre- 
sumed to  react  wlth the  excess nitrogen dioxide t o  yield ammonium nitrate. 
Ignition s tudies  are  conducted using a burner based on the principle 
of stagnation flow field.  By introducing nitrogen dioxide-nitrogen gas  mix- 
ture t o  flow over liquid hydrazine, In a direction normal to  the liquid surface,  
mi~limum concentrations of nitrogen dioxide that  induce ignition are  measured 
a s  a function of hydrazine temperature. Effects of flow Reynolds number, 
burner pressure, oxidizer temperature and h ydrazine water ccntent  a re  being 
evaluated. For a 30% increase in flow velocity, It is observed that  the  threshold 
concentration of nitrogen dioxide increases b y  about 20%. 
It  i s  found that  for hydrazine temperature under approximately 3 1 0 ° ~ ,  
the vapor pressure of hydrazine Is not high enough t o  sustain a vapor phase 
ignition. Reactions between nitrogen dioxide and liquid hydrazine are  signi- 
flcant a s  evidenced by foaming and b ~ b b l i i l g  observed on the  liquid surface. 
Heat re lease  associated with these  react ions gradually ra ise  the hydrazine 
temperature which in turn l eads  t o  a vapor phase ignition. Measurements a l s o  
show that  for hydrazine temperatures below 3 1 0 ~ ~ .  the  threshold nitrogen 
dioxide concentration assumes  a constant  value.  This can be partly explained 
by the fac t  that  the ra te  of diffusion of nitrogen dioxide plays a more dominant 
factor in the vapor-liquid phase  reaction. Foaming and bubbling on the  liquid 
surface a re  less significant a t  higher temperatures. For hydrazine near  Its 
boiiing point, i t  i s  observed that ignition can take  place before the introduction 
of nltrogen dioxide mixture. It  i s  presumed that hydrazine a t  these  temperatures 
can react  wlth oxygen in the burner leading to ignltioxl. 
*In the text ,  nitrogen tetroxide or nitrogen dioxide represents the 
equilibrium mixture of nitrogen tetroxide and nitrogen dioxide. 
INTRODCCTION 
Reliable starting and restartlng a t  space  conditions of rocket engines 
employing hypergolic propellants i s  essent ia l  for the s u c c e s s  of present and 
future space  missions. 
Pressnt experience with vaculm ignition of hypergolic bipropellants , 
nitrogen tetroxidejhydrazlne and nitrogen tetroxide/hydrazine-derivatives , 
shows that damaging, high amplitude pressure waves develop,  on occa s i o ~ ,  
during space  s tar t s .  A sufficient ux~derstanding of the ignition process for 
these  propellant combinations must be  gained in order t o  eliminate or suppress 
space start problems. 
Research work concerning preignition stoichiometry and the  iqnition 
threshold (in the presence of a fuel liquid surface) for the nitrogen tetroxide/ 
hydrazine system has  been carried out .  Gas phase reactions a t  low tempera- 
ture and low concentrations (diluted with helium s o  a s  to  produce an isothermal 
environment) clarify whether explosive solid intermediates such a s  NH4NU3 
and N2H5N03 are  formed. Further by monitoring the  N2Hq-NO2 react ions,  i t  
helps to  resolve the  question a s  under what conditions the NH4N03 or N2H5N03 
i s  the  predomlnant solid internedi3te.  Quantitative resul t s  from these  prelgnl- 
tioil chemistry studies can be  used a s  inputs t o  certain mathematical space  
start model (Ref. 1). The reason for th is  i s ,  that any clarification of the  paths 
of formation of detonable and sensi t izlng subs tances ,  together with the a s so -  
cia ted preignition heat  re lease  and q a s  formation, will help predict chamber 
pressurization and the chemical spec ies  present in the chamber a t  ignition. 
Ignition of N H (liquid)-N204 (vapor) system presents  c o ~ p l i c a t i o n s  2 4 
which do not often exls t  in the gas  phase  react ions.  When the  hydrazine 
vapor concentration, given off by the liquid, is not high enough to  sustain 
a vapor phase i ~ n l t i o n ,  reactions can occur between nitrogen tetroxide and 
liquid hydrazine. The dlssolved solid products produced by the preignition 
reactions contaminate the  liquid fuel to the  extent of changing i t s  ignition 
characteristics significantly from that of a "clean" fuel .  Determining the 
range of pressure and temperature conditions withlri wnich the vapor,/liquid or 
vapor/vapor reactions predominate a re  important. 
In summary, resul t s  of practical significance gained from these  studies 
will indicate potential space  s tar t  problems and thus help in formulating design 
and operatlonal crl teria for the propellailt systems . 
CRITICAL EXALUATION OF IGNITION MECHANISM 
Hypergollc propellant ignition lnvolves a complex interrelationship 
of chemical and phys!cal phenomena. During rocket engine ignition the ra tes  
of preignltlon react lons,  the  chemical nature of prelgnltlon products, and the 
assoclated heat  re lease  a re  closely coupled with physical transport properties 
such a s  heat  and mass transfer. In order to  help unravel the  relatlve signi- 
f lcance of these  baslc processes on hypergollc lunitlon , It becomes necessary  
to  Isolate,  and study separately and under controlled conditions, important 
chemical and physical factors .  Some such studies have been already carried 
out for the N ~ ~ ~ / N ~ H ~  propellant combination and have been reported in the 
literature, and presented a t  an Informal meeting on hypergollc lgnltlon(Ref, 2 ) .  A s  a 
background to  the dlscusslon of the research performed In this  lnvestlgation, 
a brlef and critical review of Important work concernlng the  lgnltion mechanlsrn 
for the  N ~ ~ ~ / N ~ H ~  system, wlll be presented. Reference wlll be made to  the 
open l i terature,  a s  well a s  to subject  matter presented 3t conferences, although 
s t l l l  unpublished. 
The chemlstry of the system N ~ ~ ~ / N ~ H ~  i s  undoubtedly complex 
both from the standpolnt of kinetics and of the dlverslty of reactlon products. 
In addition, the reactlon ra tes  In the  gaseous or  liquld phase a re  very rapid 
(ignltlon delay t:riles of the  order of microseconds (Ref. 3 ) t o  mllllseconds 
(Ref. 4 )  depending on the method of measurement), and the overall reaction Is 
highly exothermic. Preignition react ions in the vapor phase yield gaseous a s  
well a s  condensed reactlon products (Ref.  5 ) .  For these  reasons ,  and because 
It was belleved that mere identlficatlon of reaction product species  already 
could help to  better understand rocket engine vacuum start problems, most 
lnveselgations to da te  have been qualitative s tudies .  More recently, a s  In 
the  present study, emphasls 1s placed on the  quantltatlve deterrnlnation of the 
prelgnltlon chemlstry. Quantltatlve data concerning preignltloi~ stolchlometry, 
is hlgNy useful for the calculatlon of preignltlon heat  re lease  e s  well a s  for 
obtalning the actual mass of explosive substances formed ciurlng the  prelgnition 
period. 
Although relatively extenslve literature reviews concerning hypergollc 
propellant ignltlon, In general,  have been performed (Ref. 6 )  a cr i t ical  evaluatlon 
of s tud i e s  dea l ing  with chemical a s p e c t s  of the  ignition mechanism I S  present ly  
not ava i l ab l e .  In t he  fol lowinc,  t he  most per t inent  work t reat ing l u 2 0 4 / ~ 2 ~ 4  
ignition will  be  d i s c u s s e d  in brief.  
Gaseous  react ion products of t he  argon N ~ o ~ / ' N  H vapor react ion 2 4 
have been analyzed (Ref. 5 ) .  The m a s s  spectrornetrlc,  infrared, g a s  chroma- 
tographic methods,  or cornblnations of t h e s e  techniques  for g a s  ana lys i s  
yielded N 2 ,  NO, N 2 0 ,  NH3, and He a s  de t ec t ab l e  products .  No at tempts  
were made to  cletermlne H 0 or any  condensed  s p e c i e s .  The r eac t an t s  were  2 
a lways  introduced a t  equa l  molar quant l t l es  ranging from 2 mole X each  t c  
6 mole % e a c h ,  the remainder belng argon.  Thus, the effecr of 1J2Oq or 
N H excess or! t he  nature or re la t ive quant i t i es  of react ion produe:.; w a s  not 2 4 
inves t iga ted .  I11 order t o  explain t he  formation of the de tec ted  gaseous  react1011 
products e ighteen known, and poss ib le  sub-  or s i d e  reac t ions  for t he  N704,/N,H4 
- 
system w3re cons idered .  Most  of t h e s e  reac t ions  occur  a t  high temper3ture 
(T > 7 7 0 ' ~ )  and a s  such  a r e  not d i rec t ly  useful t o  explain t he  low temperature 
preignition mechanism. The only c i ted  react ion indicated a s  taking p l ace  3t 
room temperature i s  
This equation accc,unts only partly for t he  chemical  s p e c i e s  de tec ted  zt low 
reac tan t  concentrat ions (and therefore low temperature r i s e )  . The formation 
of ammonium ni t ra te  w a s  found t o  occur  when a hydrazine droplet 1s exposed 
t o  nitrogen tetroxide (2.0 mole %) argon g a s  mixtures.  I t  must be borne In 
mind, however,  t ha t  t he  droplet experiment d o e s  no t  provide control led,  
or well def ined ,  reac tan t  concentra t lcrls,  s i nce  the inf luences of convect ion,  
diffusion,  and hea t  t r a ~ l s f e r  a r e  difficult  t o  eva lua te .  
To sum up, Skinner,  Hedley, and Snyder 's  work concerning the  
N20q/N2H4 system ind ica tes  that  t he  lgnltion p roces s  proceeds by G thermal.  
ra ther  than a f r ee  rad ica l  mechanlsm.  The c i ted  poss ib le  and known subreac t -ons  
apply mainly t o  higher temperature l eve l s  than encountered in vacuum s ta r t  
preignition reac t ions .  
Per lee ,  Chr i s tos .  and Mlron (Ref. 7 )  carried oc? ;gnltion experiments 
with N 0 /N H in a twc-dimensional ,  p l a s t i c  combustion chamber,  studyinq 2 4  2 4  
both physical  and chemical  a s p e c t s  of hypergolic igni t ion.  Of c o ~ s i d e r a b l e  
Interest from the  chemlcal standpoint Is the  f ac t  tha t ,  durlng the  lgnltlon 
transient ,  resldue accumulates on the chamber wail In sufflclent quantlty to  
make possible chemlcal analys ls .  By means of the infrared method, the englne 
residue was  analyzed,  and thls  spectrum was  compared to the  spectrum of 
laboratory prepared hydrazlnlum nltra te .  These two spectra are  nearly 
Indls tlngulsha ble , lndlcatlng that  a t  the  end of the p las t ic  englne experiment, 
the same material I s  present on the  englne walls  a s  was prepared In the 
laboratory by reactlng a hydrazlne/water solutlon wlth i ~ l t r l c  acid and then 
removing the water by freeze-drying methods. 
An addltional experlmental f ac t ,  namely the presence of water solutions 
of hydrazlnium nltrate on the  chamber wall after the  termlnatlon of the  lgnltlon 
experiment, r a i ses  the  question whether (1) a hydrazlne film deposi t s  on the  
englne wal ls  and subsequent1 y reacts  wlth nitrogen tetroxide vapor t o  form 
hydrazlnium nltrate, or (2) the  reactlon occurs In the g a s  and llquld phases  
In the reactor space ,  and the mlxed reactlon products (N2H5NO3 and H20j  
accumulate on the wal ls .  Although bringing up these  ques t lons ,  Perlee, 
Christos .. and Miron do not pursue further the  posslble predomlnance of elther 
mechanism. In general,  the experlmental apparatus and procedure employed 
in  the  clted study tend to simulate actual rocket englne ignltlon a t  near  
vacuum condltlons, and a s  such do not attempt t~ lsolate the chemical from 
the physlcal transient processes .  
Since the research effort reported In Reference 7 , Perlee and coworkers 
have c ~ n  tl ued wlth addltlonal wor4 on the N201/N2H4 s ys tem . In partlcular. 
a t  the  "Pressure Splke Symposlum" held 15 November 1967 a t  NASA, Houston, 
Perlee described modlflcations of the  two-dimenslonal plast lc  rocket englne,  
such a s  a "freeze plug" and high response pressure measurlng d e v l c e s ,  designed 
to  resolve better de ta l l s  of the hypergollc propellant start  transient a t  vacuum 
condltlons . 
At the same Symposium, Ray, Koehler, Salser ,  and Dauerman presented 
a paper (unpublished) concerning chemical intermediates possibly responsible 
for pressure spikes in engines using N204/N2Hq. On the bas is  of their 
experimental resul t s ,  these  investigators propose thc7t hydrazoic acid and 
az ides  a re  respons ible for the space  s tar t  spiking problem. Employing rapid- 
scanning infrared and rapld-scanning mass spectroscopy, hydrazoic acid and az ldes  
were Identified. Attention should he called to  the  fact  that these reaction pro- 
ducts  were formed after mixtures of N 0 condensed (at liquid N2 temperatures) 2 4 
onto N H and were allowed t o  warm up slowly. Similar experiments were performed 2 4 
condensing N2Hg onto N2D4. The effects  of N H e x c e ? s ,  and N 0 e x c e s s ,  2 4 2 4 
were investigated. Although the  formation of az lde  a t  the cited experimental 
conditions has  been demonstrated, we must bear !n mind that the telnperatures 
prevdent  in this  work a rc  far below those to  be expected a t  rocket engine 
space  start conditions (Ref. 8 ) . Without d iscuss iny in detai l  the literature 
and their own experimr:ntal bas i s  for the reaction scheme proposed by Dauerman 
and coworkers, their overall mechanism i s  s tated a s  fc~llows: 
Compared to  Skinner and coworkers' resul ts  concerning gaseous reaction products , 
the above overall stalchiometry neglects  to  account for the presence of NO and 
NH3. An additional comparison of Dauerman and coworkers' Infrared spectra can be  
made with those of Weiss  (Ref. 9 ). Carrying out experlments a t  similar tempera- 
ture conditions, the  Infrared spectra of Weiss  indicate absorption a t  4.9p,  conflrmlng 
the presence of NJ (the vibrational frequencies of NH4N03 for  example 
- 1 
are 1345cm-I , 652cm-I, and 2030cm-l, of which 1345cm i s  not infrared 
ac t ive ,  and 652cm-' i s  beyond the recorded wavelength range). 
In summary, Dauerman and cov~orkers '  qualita tlve instrumental 
analyrlcal study a t  low temperatures of the N ~ O ~ / N , ~ ~  reaction indicates 
1. 
the formation of az ides  In addition to previously identifled species .  
Ignltion delay meusurements were made on the liquid 
h ydrazine and 1 !quid nitrogen tetroxide system (Ref. 4). Modification 
of ignition delay times due to the effect of additives were observed. A total 
of twenty four z?a!t!v~?s were used on hydrazlne and in one case  iodine was 
added to nitroger. 'otroxide. The measured ignition delay t i m e  of 2.9 mllli- 
seconds was reported. With additives, the delay time varies from 1.2 mllli- 
seconds for triethylborane to  3.3 milliseconds with solid ethylbromide 
d i s s o l v ~ d  in hydrazine. Delay times were shortened with surfactant FC-126 
and Sahtomerse 85, two surface active agents, indicates that solubility of 
the two reactants is a factor in the delay times. The authors suggested that 
preignition reactions might be proceeded by a chain branching mechanism. 
Although based on modifications of delay time due to additives it does not 
col;clusively support this view. Ignition studies with additives have also 
been conducted by Skinner, et a1 ( ~ e f .  5).  Gas mixtures containing 15 mole % 
nitrogen tetroxide, 80% argon and 5 %  inhibitor were tested. None of the 
twenty seven gaseous inhibitors tested prevented ignition under these condi- 
tions. Simllar gas  mixtures containing vaporized liquid inhibitors were a lso 
tested. Eight l!quid inhibitors among the twenty eight appeared effective. 
Ignition delay measurements were not reported. In view of the fact  that failure 
to find any highly effective inhibitors out of fifty five candidates tried, the 
authors suggest that a thermal reaction mechanism i s  operative. Based on these 
works, there are disagreements on the governing ignition mechanisms. It i s  
noteworthy that there are 01, I I- four out of the fifty-five additives used by 
Skinner et a1 (Ref. 5,) were tested in the delay measurements (Ref. 4). Of 
these four water and ethyl iodide reported ineffective by SE ' :.net et a l ,  shortened 
the delay time by 0.3 millisecond and 0.2 rnllliseconds respectively; benzene 
and diethylether reported a s  effective shortened the delay time by approximately 
1 .2  rnllliseconds . 
Ignition studies a t  low pressure simulating space environmental condl- 
t iom have h e n  conducted, (Ref, lO,? l ,  and 12 ) . Resdts are mostly qualitative. 
Minimum ignit!oc pressures have bean measured. These data appeared to  depend 
on the experimental apparztus and above all ,  on the method used in admitting 
the propellants to the reaction chamber. Three rc3ction chambers of various 
sizes were used by Wilber, e t  a1 (Ref. 11 and 12).  With respect to  the gas  phase 
re3ctlons in the  ten l i ter  system with ini t ial  gas  temperature c lose  t a  280bK 
spontaneous ignitlon occurred a t  tot61 pressures between 0.41 torr and 0 .04  torr. 
(Fuel to  oxidizer ratio was  not specif ied) .  Ignition pressures dec rease  by a 
two order of magnitude between the 0 .1  l i ter  vesse l  and the 1600 l i te r  vesse l .  
Based on t h e s e  d a t a ,  the  ignition pressure of approximately 0 .1  torr was  
extrapolated to a reaction chamber of volume-to-area ratio of s lxty inches.  
Based on a n  entirely different infection system, Wasko (Ref. 10) obtained 
ignition pressure of an  order of magnitude larger. 
Flammability characteris t ics  of hydrazlne fue l s  In nitrogen 
tetroxlde atmospheres have been studied using a modified ASTM a utoignition 
temperature apparatus (Ref. 13 ). At ambient temperature (298L K) and pressure,  
liquid h ydrazlne ianite spontaneously in nitrogen tetroxlde-air mixtures con- 
ta inin5 14% of nitrogen tetroxide by volume. Spontaneous ignition temperature 
was  found to  increase with decreasing hydrazine temperature. This certainly 
appears to  be reasonable when thermal ignition is operative s ince  an increase 
in the  fuel vapor concentration due  t o  higher liquld temperatures increase the  
reaction ra te  a t  any specified oxidant temperature and concentration and 
thereby lowers the  spontaneous ignition temperature. But a closer  examination 
of the  experimental data prasented (Fig . 1 , Fig . 2 of Ref. 13 ) appesrs  to  
jndicate that  spontaneous ignition temperature for liquid hydrazlne a t  298°K 
is lower than that  a t  309'~. 
Ignition of a hydrazine droplet f e l l  into a pool of nitrogen tetroxlde 
h a s  been studied (Ref. 14 ) .  Qualitative resul t s  have been obtained. Probability 
of explosions seem to  depend on the  impact velocity. Ignition studies by 
impinging two streams of llqaid hydrazine and liquid nitrogen tetroxide is 
presently being carried out a t  Dynamic Science (Ref. 3 ) .  Ignition a t  the  pcfint 
of impact of the  two streams plays a dominate role !n the stream separatiori 
phenomena. Stream separation characteris t ics  have been defined in terms of 
f i rs t  Damkohler number. It appears that  far  large Damkohler n~mbedgrea te r )  
than one),  ignitlon appears t o  occur a t  the  polnt of impact. 
To lummarlze, we ob ,erve that  explosive ;olid intermediates sue:- 
a . NH4N03, N2HSN0 and az lde  were formed dependinp on v a r i o l ~ ~  experimental 3 
conditlon . . The temperature . ranee,  in which a z  Me forma tlon ha r, been demon- 
strated,  a re  f a r  below those expected in rocket conditions . The posslbillty of 
pressure spikes due to  azldes in engines using N2H4/N204 is subject to 
considerable ques tlon . Que stlons regarding varlous processes in whlch 
N2H5N03 i s  formed have been raised (Ref. 7),  but no  attempts were made 
to resolve these questlons and to relate to the conditions in whlch NHqN03 
I s  formed (Ref. 5) .  In fact ,  part of the present work a s  discussed In 
Quantitative Analysis of Reaction Products of this report is to define conditions 
in which N2H5N03 or NH4N03 is formed. 
It appears that governing ignition mechanisms for vapor phase and 
liquid phase reactions are  quite different. Vapor phase ignition studles with 
additives have been conducted by Skinner, e t  a1 (Ref. 5) where the authors 
suggest that a thermal reaction mechanism is operative. Based on ignition 
delay measurements made on liquid hydrazlne and liquid nitrogen dioxide (Ref. 4) ,  
Gersteln, et a1 suggested that preignition reaction might be preceded by a 
cha In branching mechanism . 
Useful data on ignition have been obtained a t  simulating space 
environmental conditions (Ref. 10, 11, 12, 13). Results are  mostly qualitative 
and appeared to  depend on the experimental techniques being employed. To 
help resolve some of these questlons, part of the present study, which is 
described in the section on Ignition Studies of this report, i s  to determine 
ignition thresholds a s  functions of Reynolds number, total pressure and fuel 
temperature. 
QUANTITATIVE ANALYSIS OF VAPOR PHASE REACTION PRODUCTS 
OR HYDRAZINE AND NITROGEN TETROXlDE 
Statement of Problem 
The complexity of hypergolic propellant ignltlon in general , and 
that of the nitrogen tetroxide/hydrazine (hydi-azine derivative) system in 
particular, necessitates the study of the nature and stolchiometry of 
preignition products of such a system. In order to examine products formed 
under preignition conditions, dilute mixtures of N2H4 and N204 were intro- 
duced into a batch reactor. Main reason for dilution is to keep temperature 
rise small and hence obtain nearly isothermal reaction. The reactor and 
sampling system were designed and built t o  provide the following features: 
(a) inert surfaces, (b) rapid mixing of reactants, and (c) easy removal of 
Gas, liquid , or solids reaction products . Reactions of hydrazine and nitrogen 
tetroxlde, a t  varied nole  ratios, were carried out a t  O'C and 2 5 " ~ .  
Experlrnental Apparatus 
Reaction and Samplinq System. - A Pyrex glass  system was used in 
preference to metal because of the known catalytic decomposition effects of 
+++ ++ ++ 
certain metals (e. g. , ~ e + + + ,  ~r*. A1 . Cu . NI ) upon hydrazlne. All 
control valves used in the reaction and sampling system were Flscher and 
Porter 4 mm quick opening Teflon valves (Cat. #795- 120-0004) . Connections 
between the reaction chamber, holdina bulbs, and trap (Figure l ) ,  
were glass/butyl O-ring vacuum connectors. Potential reactive s i tes  such a s  
metals and vacuum grease were excluded from the reaction and trapping zones. 
The relative volumes of the bulbs and the reactlon chamber allowed s 1 to 7 
expansion and mixing of the reactants into the reaction chamber. 
Procedure. - Known amounts of hydrazine and nitrogen dioxide were 
blended with helium to 600 mm pressures in separate holding bulbs. Nitrogen 
dloxide,/hellum mlxtures were blended by a pressure/volume relationship 
(corrected for N204 C' 2N02 dissociation) . Hydrazine was measured by a 
liquid microliter Micro Tek vacuum pipet and cryogenically transferred into 
a holding bulb for pressurizing with helium. The two holding bulbs were 
attached to  the reactlon chamber, allowed to  equilibrate a t  the desired 
temperature, and surged into the evacuated reaction chamber maintained a t  
the same terzlperature. At time (t), a gas aliquot (reaction products + helium) 
and/or the condensables (at - 1 7 5 ' ~ )  from the reactlon chamber were trapped 
and transferred to the mass spectrometer for analysls. Solld residues from 
the reactlon were collected after each serles of slmllar reactlons (N204 or 
N2H4 ln excess) by solvent extractlon wlth methanol. It 1s antlclpated that 
a t  these low temperatures, reactlons between solid residues and methanol 
are not slgnlficant. The extracts were submltted for lnfrared analysls. 
Mass Spectrometer. - A CEC 21-130 mass spectrometer was used 
for all gas analyses. A unlque feature of this lnstrument 1s a speclal low 
volume fractlonatlon and sample lntroductlon system placed in parallel wlth 
the conventional sampllng system. The speclal lnlet because of Its low 
surface area (d/100 that of the conventional system) 1s invaluable when 
surface effects, temperature, or mlnute sample s ize  preclude the conven- 
tlonal approach. 
Infrared Spectrometry. - Slx methanol extracted resldues from the 
N204/N2H4 reactlons were subrnltted for lnfrared anal ysls . The solld resldues 
were prepared a s  thin films and/or KBr pellets. Selected lnfrared spectra of 
the sollds are  included in the Appendlx (Flg. 14 to  25).  
Experimental Results 
Twenty-nine low pressure nonlgnltlon vapor phase reactions of hydra - 
zlne and nltrogen tetroxlde were carried out. Mllllgram welghts of each reactant 
were separately dlluted with hellum, to concentratlons of 0 . 6  to  2 . 5  mole-%. 
me partial pressures of the reactants were, accordlngly, of the order of about 
1 torr. Reactant concentratlons and ratios were varied to determine their 
effects upon the solid or gaseous reaction products. Reactions were carrled 
out a t  25 and O'C. The data are presented in Table I .  
Reactions a t  2 5 ' ~ .  - Run numbers 1, 3 ,  and 4 represent, respectively, 
approximately equal mole concentratlons of N2H4 and NO2 , N2H4 excess ,  and 
NO2 excess.  Run numbers 23 through 28 are wlth nearly equlmolar concen- 
tratlons of NO2 and N2H4, repeated six tlmes to collect sufflclent sollds for 
accurate weighing. Table I11 l l s t s  the four solids obtained from the 2 5 ' ~  
reactions of NO2 and N2H4. 
The results of the mass spectrometric gas analysls from run numbers 1, 
TABLE 1 
LOW PRESSURE N ~ O ~ ~ / N ~  H~ REACTIONS 
Reactants a s  Mole-% 
Reactants (mg) of Total Gas Pressure Reaction 
Run (1 Time 
No. N2°4 N2H4 -- - ~ 0 ~ ' ~ )  - - -  N2H4 T$mp* C Min. 
*(I) Blended by pressure measurement and corrected for N204$ 2 NO dlssoclat ion.  
(2) Gaseous products introduced into specla l  mass  spectrometer (bypasses 
conventional inlet) and analyzed. 
3, and 4 are presented In Table I1 (run number 2 was discarded because of a i r  
contamlnatlon) . The predomlnant gaseous species resultlng from al l  the 
runs are N20,  and N2. Hydrogen was not observed ln any case.  In run 
numers 1 and 4 ,  lean 1 terms of N2H4 concentratlon. N 2 0 ,  N2 , and NO 
concentratlons are hlgher than in run number 3, rich ln N2H4. NH3, whlch 
was not detected in the other two runs, 1s very promlnent in the N2H4-rlch 
run number 3. Sollds formed and/or losses  calculated from materlal balance 
data for run numbers 1 and 3 are slmllar; however, the value for run number 4 
1s much hlgher. Thls larger value (in the absence of sufflclent N2H4 for 
complete reactlon) may be due to the loss  of excess NO2 by reactlon wlth the 
mass spectrometer lnlet walls. Thls 1s , a t  least  qualltatlvel y , lndlcated by 
the presence of C02 in the reactlon gases .  The gas reactlon products are 
compared wlth those of Reference 5 and are shown in Figure 2. 
The sollds formed successively from run numbers 1 throtigh 4 were 
collected, and an infrared spectrum was obtained a s  presented In Figure 14 
and 15 of the Appendix. The solid reactlon products from run numbers 9 through 
11 (NO excess) and 12 through 14 (N2H4 excess) are shown in the lnfrared 2 
spectra of Flgures 16, 17, 18,  and 19 respectively. Inspection of the lnfrared 
spectrum (Flgwes 16 and 17) of solld No. 2 (excess NO2) shows strong absorb- 
ance peaks a t  3.2 to 3.3 mlcrons (= 3000 cm-') a t  7.0 to 7.5 mlcrons (= 1430 
to 1340 cm-') , 12.0 mlcrons (FZ 840 cm-l) , that can be attrlbuted to ammonlum 
nltrate. Minor peaks a t  9.4 mlcrons and 10.6 mlcrons indicate a relatively 
+ 
small amount of N2H5 lon. The presence of other mlnor peaks a l so  lndlcates 
addltlonal compounds not resolved. The formation of an azlde (N,-)ion 1s not 
3 
lndlcated because of a lack of absorptlon a t  (2030-2040 cm-'1, Solld No. 1 
shows an absorptlon spectrum similar but much weaker than that from s'olld 
No. 2 .  The lnfrared spectrum of solld No. 3(N2H4 excess) from run numbers 
12 to 14 shows hydrazlnium nltrate to be the major solld constltuent. Agaln 
there 1s no posltlve lndlcatlon of the ~ ~ - 1 o n .  
Gaseous and solld products from run numbers 23 to 28 are summarized 
in Table 4. Nearly equlmolar concentratlons of reactants were lntroduced lnto 
the reactlon chamber slx tlmes in order to obtaln a weighable amounts of solids. 
Water was added to  one of the reactants in run number 25 (added to  NO^) and 
run number 27 (added to  N2H4) before the reactlon. Effect of water addltlon 
increases the N20 production. The recovered solld reactlon product for the 
slx reactlons welghed 6.102 mg or a llttle over one mg per reactlon. 
TABLE I1 
GASEOUS PRODUCTS FROM REACTIONS 1 ,  3 ,  and  4  
Components  Run No. 1  
N02 Not de t ec t ed  
N2° 4 4 . 3  Mole  % 
NO 3 . 3  Mole  % 
N2H4 0 . 4  M o l e  % 
NH3 Not de t ec t ed  
N2 1 3 . 3  M o l e  % 
O2 2 . 0  M o l e  % 
3 7 . 0  Mole  X 
A < 0 . 1  M o l e  % 
C02 Not de t ec t ed  
Reac tan t s  
Total mg co l l e c t ed  
a s  Gas 1 . 2  mg 
Solld + l o s s  1 . 4  mg 
Run No. 3  Run No. 4  
0 . 2  Mole  % 
3 4 . 0  Mole  % 
1 . 2  M o l e  % 
0 . 2  Mole  % 
2 4 . 2  Mole  % 
7 . 4  Mole  % 
0 . 7  Mole  % 
3 1 . 7  Mole  X 
Not d e t e c t e d  
Not d e t e c t e d  
Not de t ec t ed  
4 7 . 1  Mole  % 
6 . 0  M o l e  % 
0 . 2  M o l e  % 
Not d e t e c t e d  
1 6 . 2  M o l e  % 
Not de t ec t ed  
28.8 M o l e  % 
Not de t ec t ed  
1 . 6  Mole  %* 
TABLE 111 
SOLID SAMPLES FROM N ~ ~ ~ / N ~ H ~  REACTIONS 
Solid No. Reactlon Series* 
Run No. 1 
2 
3 
4 
Run No. 4 
10 
11 
Run No. 12 
13 
14 
Run No.15 
16 
17 
18 
19 
Run No.20 
2 1 
2 2 
Run No.23 
2 4 
2 5 
2 6 
27 
28 
25" C Reactions 
equimolar 
excess NO2 
excess N2H4 
excess NO2 
2 5 ' ~  Reactions 
N204 in excess  
2 5 ' ~  Reactlons 
N2H4 in excess  
0" C Reactions 
N2H4 in excess  
O'C Reactlons 
NZ04 In excess  
2 5 " ~  Reactlons 
approx . equimolar concen- 
trations of N204 and N2H4 
Solids collected and welghed 
*Methyl alcohol used to  remove solids from reactor after each 
series of reactions. Solids analyzed by I. R. 
TABLE IV 
GASEOUS AND SOLID PRODUCTS FROM REACTIONS 23 TO 28 
Run Number 23'l) 24 25 26 27 2 8 
- - - - - - - 
Major Reaction Products (mg) 
NO - 0.2 0.3 <O.l 0.2 <O.l 
Reactants (mg) 
Total Gaseous Reactlon Products 
Recovered (calc  . ) - 0.9 1.7 0.6 2.5 0.5 
Avg . Sol ld Rea c t& Product 
per Reac tlon 1.0 1.0 1.0 1.0 1.0 1.0 
Loss - 0.8 1 . 0  1.1 0.3 1.2 
(1) Reactlon products were not analyzed. 
(2) Solld No. 6 col lected from Reactlons 23 to 28 
welght 6.102 mg. 
In the chemlcal equation 
the welght ratlos of NH4N03 to N20 and to H20 are 1 to  0.33 and 1 to 0.09. 
In the chemlcal equatlon 
3 N2H4 + 4 NO2 = 2 N2H5N03 + N20 + N2 + H20  (9 ) 
the welght ratlos of N2H5N03 to N20 and to  H 2 0  are 1 to 0.23 and 1 to  0.09. 
The welght ratlos of sollds to N20  for three of the above reactlons (in the 
absence of added water) were 1 to 0.5, 0.4, and 0.3; :or water the ratios 
were 1 to 0.1 in each case.  These data favor Reactlon (8) over (9) and are 
in agreement wlth tr'ie infrared spectrum (Figures 20 and 21) which Indicates 
NH4N03 a s  the prlnclple solld reactlon product. Ihe two reactlons contalnlng 
water produced a substantially hlgher amount of N20. 
Products from run numbers 12,  13, 14, 19, and 22 were analyzed by 
mass spectrometry In a special unheated low volume lnlet in an effort t o  detect 
r eac tka  snd/or thermally unstable reactlon products. Low intensity mass spec- 
tral peaks a t  m/e 43 were observed but not confirmed a s  due to hydrazolc acld. 
Sollds from rur. number 29 were acldlfled wlth HCI and tested for liberated HN3 
from any azldes present (ferrlc chlorlde changes to red Fe(N3)3 for a posltlve 
test) .  A negative tes t  was obtained. 
It should a lso be pointed out that a materlal balance In terms of the 
actual gaseous and solld products 1s not carried out a s  lndlcated in Table 11. 
The product loss  in certain runs can be a s  hlgh a?  25%. 
Major gas  products of reaction are compared with those of Reference 5 
and are shown In Figure 2. 
Reactions a t  OOC. - The lnfrared spectrum of Solld No. 4 collected 
from run numbers 17,  18, and 19 1s shown In Figures 22 and 23. The reactlons 
were carrled out a t  O'C wlth a sllght excess of X2Hq The lnfrared spectrum 
1s poor because of the low solld product yield. Infrared spectrum of Solld No. 5 
1s shown in Figures 24 and 25 and is slmllar to  that of prevlous NO2 rlch 
reactlons. Solld No. 5 was obtained from run numbers 20, 21, and 22. The 
prlnclple gaseous reactlon products for run numbers 18 and 20 are compared 
In Table 5. 
TABLE V 
REACTION PROLTJCTS FROM O'C REACTIONS 
Run Number 18 2 0 
Mgrecovered 
N2° 0 .46  0 .28  
NO 0 . 0 6  0 .96  
H20* 1.50 0 .10  
Reactants (mg) 
*Air leak lndlcated 
Dlscussion 
The nonlgnitlon vapo~  -pha s e  reactlon of excess hydra zlne with n f trogen 
dloxlde a t  2 5 ' ~  produced hydrazlnlum nltrate a s  the major solld reactlo 9 -oduct. 
Major gaseous rcactlon products were N 2 0  H 2 0  N2 , NO, and NH3 a s  lndl- 
cated by the following equa tlons: 
Wlth an excess of nltrogen dloxlde, the N O ~ / N ~ H ~  vapor phase 
reactlon a t  2 5 ' ~  produces ammonlum nltrate a s  the predominant sol id reaction 
product, and NH3 1s absent from the gaseous products. 
Any hydrazlnlurn nltrate formed a s  an intermediats may be presumed to react 
wlth the excess NO to yield ammonium nltrate: 2  
The quantitative recovery of both sol:l and gaseous reactlon products 
in a series of reactlons coritalnlng nearly equal moles of reactants resulted ln 
a welght ratlo of N H ~ N O ~ / N ~ O / H ~ O  slmilar to Reaction (17). The addltlon of 
water to elther reactant before the reaction lncrea sed the production of N 2 0 .  
Slmilar but less extenslvely investigated reactions carrled out a t  O'C 
produced comparable producc.~. 
Some evidence for the presence of traces of gaseous hydrazolc acld 
was obteined by mass spectrometry. However, nelther hydrazolc acld nor 
azldes were detected in the solids by either lnfrared or more sensitive 
chemical tests. Thls 1s slgnlflcant because ammonl~n  azlde and, especially, 
hydrazmlum azlde are certainly much more sensitive to  detonation than the 
corresponding nitrates . The following equations lllustrate possible routes to 
azide formatlon: 
N2H, + HNOZ = HN3 + 2 H 2 0  
N2HSNO3 + H N 0 2  = HN3 + HN03 + 2H2G 
HN3 + N 2 H q = N 2 H s N 3  
HN3 + NH3 = NHqH3 
The presence of water in the reaction system would favor azide formatlon 
through productlon of intennedlate H N 0 2 .  
IGNITION STUDIES OF NITROGEN TETROXIDE AND HYDRAZIXE 
Potter and Butler (Ref. 15) were able to  lnvestlgate the extlngulshment 
of dlffuslon flames by mcterlng fuel and oxldant flow rates through two 
opposed jets. In terms of an apparent flame strength, a more detalled study 
on the flame blow-off for various fuel-oxldant combinations has been carrlsd 
out by Potter, Helmal, and Butler (Ref.  16) and propane-oxygen flames a t  low 
pressures by Anagoston and Potter (Ref. 17). Based on thls principle of 
employing directly opposed flows of reactants , Pand ya and Welnberg (Ref. 18) 
were able to stabilize a one-dimensional dlffuslon flame. Flow patterns were 
studled and a one-dlmenslonal temperstwe dlstributlon was obta lned . The 
thermal structures were analyzed to yield the dlstrlbutlon of the rate of heat 
release per unit volume. The flame structure was analyzed by Kushlda ( ~ e f  . 19) 
who a l so  used such a counter-flow burner to study ethylene oxygen flames. 
This experimental technlque can also be used to great advantage for 
studying lgnltlon phenomena. Be burner permits experlmentatlon with known 
condltlons in terms of reactant concentratlons, gas temperatures, and burner 
pressures. For fuel-oxidant systems lnvolvlng two different phases, a s  ignl- 
tlon of llquld or solld fuels by an oxidizing gas ,  the burner can be modified 
by employing a stagna tlon flow field. The oxldlzlng gases are led to flow 
over the fuel in the direction normal to the fuel surfaces. Effects of physical 
transport propertles and quantltatlve evaluation of thermal reactions leading 
to ignition can be studied. The lgnltlon of llquld hydrazlne by nltrogen 
tetroxlde gas has  been studied uslng a burner based on the principle of stag- 
nation flow. 
Experimental Apparatus 
Ignltlon studies are conducted by lntroduclng a stream of nltrogen 
tatroxlde/nltrogen gas mLxture to flow over a dlsh of liquid hydrazine In a 
dlrection normal to the llquld surface. Based on thls stagnation flow fleld, 
a cyllndrlcai lgnltlon burner (Flgure 3) is constructed. A schematic of the 
burner 1s shown In Figure 4. The hydrazlne supply system conslsts of a 
stalnless steel syrlnge of 0.75 inches inner diameter. The syringe 1s 
connected to a hydrazlne storage flask through a "bleedn valve and a "flll" 
valve. These valves are to  facllltate easy refllllng of the fuel in the syrlnge. 
By applyinlj a constant pressure on the plunger, liquid fuel i s  injected into 
the burner cup which consists of a stainless steel  porous disc  (7/16 lnch 
diameter) recessed 1/16 of an lnch into an aluminum holder (1 1/2 inches dla .) . 
The porous dlst: serves a s  a heat sink s o  a s  to prevent possible flame propa- 
gation towards the hydrazine supply line. A microgauge valve i s  used to  
regulate the liquid fuel flow rate. The temperature of the buraer cup is  
controiled by water passages through the holder and also by heating tapes 
when higher temperatures have to be achieved. An Iran-constantan thermo- 
couple, 0.01 lnch diameter with a 0.04 inch stainless steel sheath, i s  
Imbedded in the porous dlsc  to record hydrazine temperatures. 
The nitrogen tetrox!de storage tank and the line lezdlng to  the mixing 
tee where nitrogen tetroxide is  diluted with nitrogen are maintained a t  appro- 
ximately 3 2 0 ' ~  to prevent nltrogen tetroxide condensation. The flow rates of 
nltrogen and nitrogen tetroxide are metered by two sonic orifices. Tile gas 
mlxtwe is led to two separate l ines,  one leading into the burner and one 
to the exhaust. IWo sonic orifices are installed along these lines to control 
the net gas flow rate into the burner. Through a flow straightener (15/16 inch 
inner diameter; the gas mixture is led to  flow over the liquid hydrazine in a 
direction normal to  the liquid surface. The straightener is partly imbedded in 
an alumlnum holder. The open end of the straightener is fitted with a porous 
disc. By first filling the straightener with stainless steel  wools and con- 
trolling the temperature of the alumlnum holder by water passages and heating 
tapes, the gas mlxture temperature can be easlly varied. An iron constantan 
thermocouple i s  installed immediate1 y above the porous d i sc  to record the 
gas mixture temperatare. When hydrazine is being introduced into the burner, 
the known mlxture of N204 and N2 i s  led to flow through the solenoid valve 
leading to the exhaust. After the hydrazine cup is filled, the gas mlxture 
i s  led to flow through the second solenoid valve leading into vapor straightener 
a s  shown in Figure 3. These two solenoid valves are thus used to minimize 
possible transient flow errors. The gap spacing between the porous d l sc  and the 
liquid fuel surface is 1/8 inch. The burner i s  enclosed within a bell jar. 
The bumer press l re  is controlled by a two stage sir ejector. Pressures of 
1/6 atm can be easlly achieved. The important parameters that can be varied 
using this stagnation burner are the fuel and oxldlzer temperature, the bumer 
pressure, and the oxidizer ;oncentration and flow velocity. 
Using the same oxldlzer supply system, a second two dlmensional 
burner wlth a pyrex glass wlndow 1s built ( ~ l g .  5 ) .  The two dlmenslonal 
burner 1s for photographically recording the ignition phenomena. 
Method of Study 
Mass flow rates of nltrogen and nltrogen tetroxlde are  calibrated in 
terms of the upstream pressures of thelr respectlve sonlc orlflces. The 
pressure ranges from 30 psi  t o  100 psi . Dlfferent nltrogen tetroxlde concen- 
tratlons can be achleved by varying the upstream pressures. The flow rate 
of the gas  mixture lnto the burner I s  callbrated !n terms of the supply pressure 
whlch 1s the pressure upstream of the third sonlc orlflce. These values are 
shown in Table V I  for three different supply pressures of 2.5 psl ,  5 psi ,  and 
7.5 psl  wlth the burner a t  1 atm pressure and 2 0 ' ~ .  Tl~e notatlons In Table VI 
are explalned a s  follows: 
Supply Pressure: Pressure upstream of the third orifice leading 
lnto the burner. 
N Pressure: 2 Nitrogen pressure upstream of the nltrogen oriflce. 
Calibrated nltrogen mass ficw rate corresponding 
to the nltrogen pressure. 
N204  Pressure: N 0 pressure upstream of the N O orlflce. All 
ig%lt?on measurements are m n d u a e d  by maintaining 
N 0 supply pressure a t  50 p s i ,  except for one 
sJec?al case ,  1n order to  mlnimlze possible errors 
due to  orlflce flow callbratlon . The N O4 mass flow 
rate correcpondlng to  50 psl pressure l% 
2.55 x 10- lb/sec. 
m total: 
m to burner: N, 
Total mass flow rate which 1s the sum of m and 
' ~ ~ 0 ~ .  N~ 
Mass concentration of N204  I" the gas mlxture. 
Rate of nitrogen mass fiows to the burner recorded 
by volume displacement and by f i rs t  condensing 
the N 2 0 q  through cold trap. 

'total to burner: Based on rrl to burner the rate of mass flow N2 
to the burner is calculated ana is equal to  
Mlxture density: The density of the gas mlxture is cglculated based 
on the N Z 0 4  denslty of 0.209  lb/ft and nitrogen 
denslty of 0 .078  1b/ft3 . 
Average velocity: An average exlt velocity V i s  deflned in tenns of the 
total mass flux supplied to the burner, the gas mixture 
density, and the area of the oxidizer supply duct of 
diameter 15/16 Inches. 
Reynolds number: A Reynolds number Re 1s deflned In terms of the 
klnematlc viscosity of pure nitrogen a t  1 atm and 
2 0 ' ~  and the gap apaclng of 1/8". 
The calibration shows that the average exlt velocity of the gas  mlxture, 
withln the experimental error, is a function of supply pressure only. V 
assumes a value of .43 ft/sec, . 5 8  ft/sec and .70  ft/sec respectively of 
supply pressures of 2 . 5  psl, 5 psi ,  and 7 . 5  psi. For the case when the 
burner is operating a t  different pressures than 1 atm, variation of gas 
denslty with respect to pressure has to be taken into account. 
Minimum mass concentrations of nitrogen tetroxide ln a nltrogen 
tetroxlde/nltrogen gas  mixture that induces ignition when it i s  led to flow 
over liquld hydrazine are measured . In order to evaluate the effects of 
physical transport properties, the velocltles and the temperatures of the gas 
mixtures are varied. These are conducted for hydrazine temperatures varying 
from approximately 2 9 0 ' ~  to  350' K ,  and also,  for hydrazlne temperature 
ranges from i t s  meltlng polnt to bolllng polnt. Burner pressures have 
varied from 1 .0 atm to 0.166  atm and water a s  a dlluent has been used ln 
hydrazlne to study the changes in ignition properties. 
Prellminary studies uslng flox and hydrazlne have also been conducted. 
Difficulties were encountered during the pacification stages and the expe~lment 
was not pursued further. 
Based on the two dimensional burner, the entire preignition reactions, 
from the lntroductlon of oxldlzing gas  mixture to the formation of the one 
dimensional flame, have been photographed by a HyCam motion picture camera 
a t  50 frames per second. Similar observatlons have a!so been carried out to 
study the ignition of droplets. A hydrazine droplet is  suspended on a metal 
wire ring of 3/16 inches dlameter by i t s  own surface tension. Preignition 
surf ace activities were observed, Photographic results are difficult to obta in . 
As soon a s  bubbles start to form, surface tension i s  greatly reduced and the 
droplet immediate1 y falls  off from its  support. Based on the motion picture 
results, the ignition delay time is also estimated. 
Experimental Results and Discussions 
Figure 6 i s  a threshold measurement showing points of ignition 
and no ignltion a s  a function of nltrogen tetroxide mass concentrations. 
The burner pressure i s  1 atm with the gas  exit velocity equal to  0.43 ft/sec. 
The flow Reynolds number, based on the kinematic viscosity of nltrogen gas  
and the gap spacing i s  about Re = 29. The gas  temperature i s  kept a t  
approximately 310'~. The solid l ine divides the region of ignition and 
no Ignition and thus represents the threshold concentration or the minimum 
mass concentration that induces ignl tlon . For the h ydrazine temperatures 
between i ts  melting and boiling point, the ignition mechanism can be divided 
into three regions. For hydrazine temperature below FX 315O~, the minimum 
ignition concentration ~f nitrogen tetroxide is indersndent of the hydrazine 
temperature. For hydrazlne temperature ranges between 31 5 " ~  and 3 6 5 ' ~ ~  the 
nitrogen tetroxlde threshold concentration decreases wlth increasing hydrazine 
temperature. The logarithm of the threshold concentration appears to decrease 
linearly wlth the inverse of the hydrazine temperature. For hydrazine above 
3 6 5 ' ~ ~  h ydrazine often ignites without the introduction of nltrogen tetroxide . 
This can be due to reactions of hydrazine vapor wlth oxygen in the burner. 
and the nitrogen tetroxide threshold concentratlon decreases sharply. h e s e  
regions clearly indicate that different ignition mechanisms might be present. 
To investigate this problem further, a two-dimensional burner with a pyrex 
glass window is  used. The ignition phenomena is recorded by a high speed 
notion picture camera. The photographlc result shows that a very significant 
amount of surface activities, wlth bubbling and foaming appear on the hydrazlne 
surface prlor to lgnltlon, (Fig. 7). These surface actlvltles are  more pro- 
nounced for hydrazlne a t  lower temperatures. For hydrazlne temperature 
above 320'~, thls surface phenomena 1s aometlmes not notlceable. Ignltlon 
always first appears very close to the llquld surface, leadlng quickly to a 
steady state cornbustlon wlth the flame appearlng approximately a t  the mld- 
polnt of the gap. Delay time of the order of one second was observed for 
hydrazlne below 3 2 0 ' ~  and one tenth of a second for hydrazlne a t  hlgher 
temperatures. lgnltlon delay tlme was estimated baeed on the photo- 
graphic results. Although thls data 1s not conclusive end often dlfflcult to  
reproduce, i t  does lndlcate that the delay tlme is of an order of magnltude 
greater for h ydrazlne In the lower temperature range. 
Slmllar observations on the lgnltlon of llquld droplets have also been 
conducted. The result 1s not conclusive because of difficulties encountered 
in obtalnlng photagraphlc results a s  mentloned earller. 
Ignition of llquld hydrazlne can thus be dlvlded lnto three regions. 
For hydrazlne a t  lower temperatures, below 31s°K for the c a s e  shown on 
Plgure 6, the vapor pressure of hydrazlne 1s not high enouyh to sustaln a 
vapor phase lgnltlon . Nitrogen tetroxlde mixture diffuses towards llquld 
surface and prelgnltlon reactlons malnl y occur between nltrogen tetroxlde 
and liquid hydrazlne, Reaction products formed and also dissolved in the llquld 
fuel produce very notlceable foaming and bubbllng a s  evldenced by photographic 
results. Heat is rdeased  and at  the same tlme heat is lost  to  the surrounding 
medlum. It 1s noteworthy that because of the convective flow fleld, heat loss  
1s more slgnlilcant a s  compared wlth lgnltlon studles In a statlc atmosphere. 
Heat release associated wlth these reactlons raises the hydrazlne temperature 
whlch 1s qualitatively illustrated by the dlsc  temperature a s  shown on Flgwe 8. 
This heating of liquid hydrazlne, in turn, gives off more vapor whlch eventually 
leads to a vapor phase lgnltlon . 
The prelgnltlon reactlon mechanism between nltrogen tetroxlde and 
llquld hydrazlne depends malnly on the net mass flow rate of nitrogen tetroxlde 
towards the llquld surface, and thus does not depsnd on the 1 ,uld temperature. 
Thls explalns tne reason that the mlnlmum concentration of nltrogen tetroxlde 
that induces lgnltlon 1s lndependent of the llquld temperature. 
For hydrazlne temperature above 315OK the vapor pressure of 
hydrazlne appears to  be hlgh enough to sustain a vapor phase lgnitlon. 
The logarlthm of the lgnitlon threshold concentratlon decreases  llnearly 
wlth the  lnverse of the  h: lrazlne temperature. 
At the  hydrazlne temperature above 365OK, the mlnlmum ignltion 
threshold concentratlon of nltrogen tetroxlde dec reases  sharply. The effect 
of hydrazine decc mposltlon becomes more slgnlflcant.  This coupled wlth 
posslble catalyt ic  effect of the experlmental se tup ,  whlch is more pronounced 
a t  these  h!gher temperatures and posslble react ions wlth oxygen in the 
burner igi~ltlon very often occurs before the  introduction of nitrogen tetroxide g ~ s  
mixture into the burner. 
Effects of dlfferent flow velocltfes on lgnltlon have been studied. 
Flow velocl t les  are  important in two respects .  For the  c a s e  when the gas  
temperature is lower than the llquld temperature, heat  1s gained by the g a s  
a t  the expense of the llquld hydrazlne. The reverse is true when the  llquld 
h;.drazlne Is hotter than the g a s .  Increasing the  flow veloclty lncreases  the 
convectlve heat  transfer. The residence tlme of the gas  mixture wlthfn the  
burner i s  proportional t o  the ratlo of the gap d is tance  and the g a s  velocitv. 
Increasing flow vc-iocltles reduces the  residence time. Three dlfferent 
flow veloci t ies ,  corresponding to  Reynolds number 29,  40, and 50 respectively 
are  shown on Figure 3 .  The same Lasic feature is present namely for hydrazlne 
below a certain crltlcal temperature, ignltion threshold concentratlon of 
n i t r o ~ e n  tetroxlde i s  a constant .  The threshold concentratlon increases  
significantly for higher flow velocities due  to  the convectlve heat  l o s s  and 
the reduced residence tlme. A 30% velocity change increases the  mlnlmum 
ianltlon concentration of nltrogen tetroxide by 20%. The hydrazlne tempera- 
ture,  which separates the  two reglmes of lgnltlon, a l s o  lncreases  by about 
1 0 ' ~ .  
Convectlve hea t  transfer between llquld hydrazlne and nitrogen 
tetroxlde/nltrogen gas  mixture depends a l s o  very much on the gas  temperature. 
Also there Is  a higher concentration of the  more react ive nitrogen dloxide a t  
these  hlgher temperatures. Flgure 10 shows the  ignltlon measurements for  
nitrogen tetroxlde/nitrogen gas mlxtures a t  3 0 3 ' ~  and 3 2 2 " ~ .  Especially 
for llquld hydrazlne a t  temperatures lower than 322OK, the ignitlon threshold 
concentratlon differs almost by 80%. 
Vt rlatlon of burner pressure does  not seem t o  change the  igrltton 
characteristics. Ignltlon threshold measurements for burner pressures a t  
1/2 atm, 1/3 atm, and 1/6 atm are ahown In Flgures 11, 12, and 13. The 
effect of presswe on lgnltion ar ises  prlnclpally through the dependence of 
the chemical reaction rate on pressure. The rate of heat transfer and mass 
are not appreciably influenced. One 1s thus inclined to suggest that 
chemlcal klnetlcs is not the governlng rate, aiehough based on these 
men aurement a alone, It does not conc:ualvely support this vlew . 
Water a s  an addltlve has been used. Water concentratlon to  
approximately 10% by mass has been added to  liquid hydrazlne. No 
slgnlflcant modiflcatlons on ignition charecterlstlcs have been observed. 
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